Abstract: The Miocene granitoid plutons exposed in the footwalls of major detachment faults in the Menderes core complex in western Anatolia represent syn-extensional intrusions, providing important geochronological and geochemical constraints on the nature of the late Cenozoic magmatism associated with crustal extension in the Aegean province. Ranging in composition from granite, granodiorite to monzonite, these plutons crosscut the extensional deformation fabrics in their metamorphic host rocks but are foliated, mylonitized and cataclastically deformed in shear zones along the detachment faults structurally upward near the surface. Crystallization and cooling ages of the granitoid rocks are nearly coeval with the documented ages of metamorphism and deformation dating back to the latest Oligocene-early Miocene that record tectonic extension and exhumation in the Menderes massif. The Menderes granitoids (MEG) are represented by mainly metaluminous-slightly peraluminous, high-K calc-alkaline and partly shoshonitic rocks with their silica contents ranging from 62.5 to 78.2 wt%. They display similar major and trace element characteristics and overlapping inter-element ratios (Zr/Nb, La/Nb, Rb/Nb, Ce/Y) suggesting common melt sources. Their enrichment in LILE, strong negative anomalies in Ba, Ta, Nb, Sr and Ti and high incompatible element abundances are consistent with derivation of their magmas from a subduction-metasomatized, heterogeneous sub-continental lithospheric mantle source. Fractional crystalization processes and lower to middle crustal contamination also affected the evolution of the MEG magmas. These geochemical characteristics of the MEG are similar to those of the granitoids in the Cyclades to the west and the Rhodope massif to the north. Partial melting of the subduction-metasomatized lithospheric mantle and the overlying lower-middle crust produced the MEG magmas starting in the late Oligocene-early Miocene. The heat and the basaltic material to induce this partial melting were provided by asthenospheric upwelling caused by lithospheric delamination. Rapid slab rollback of the post-Eocene Hellenic subduction zone may have peeled off the base of the subcontinental lithosphere, triggering the inferred lithospheric delamination. Both slab retreat-generated upper plate deformation and magmatically induced crustal weakening led to the onset of the Aegean extension, which has migrated southward through time.
The Aegean extensional province is a rapidly deforming and seismically active domain in the Africa-Eurasia convergent zone in the eastern Mediterranean region and is considered to have evolved as a backarc tectonic environment above the north-dipping Hellenic subduction zone (Fig. 1; Le Pichon & Angelier 1979; Jolivet 2001; Faccenna et al. 2003; van Hinsbergen et al. 2005; Jolivet & Brun 2008) . Southward retreat of the subducting African lithosphere along the Hellenic trench and the faster SW motion of the southern part of the Anatolian block in the upper plate have resulted in approximately north-south extension in the Aegean region since the Oligo-Miocene (Jolivet et al. 1994; Jolivet & Faccenna 2000; Ring & Layer 2003) . The thrust front associated with this subduction zone and its slab retreat has also migrated from the Hellenic trench to the south of the Mediterranean Ridge since then (Le Pichon et al. 2003) . These observations suggest that the driving forces for regional extensional tectonics in the broader Aegean region reside mainly within the retreating lithospheric slab. Subduction of the Tethyan mantle lithosphere northward beneath Eurasia was nearly continuous since the latest Cretaceous, only temporarily punctuated by the collisional accretion of several ribbon continents (i.e. Pelagonia, Sakarya, Anatolide -Tauride) to the southern margin of Eurasia and related slab breakoff events (Rosenbaum et al. 2002; van Hinsbergen et al. 2005; Dilek & Altunkaynak 2007) . Exhumation of middle to lower crustal rocks and the formation of extensional metamorphic domes occurred in the backarc region of this progressively southward migrated trench and the Tethyan slab throughout the Cenozoic.
Recent geochronological data from several core complexes (i.e. Menderes, Kazdag) and the synextensional granitoid plutons in them (Fig. 2) indicate that both extension and attendant magmatism in the Aegean region date back to the at least latest Oligocene -early Miocene (Bozkurt & Satir 2000; Okay & Satir 2000; Işik et al. 2004; Thomson & Ring 2006) . These findings suggest that tectonic extension and magmatism were synchronous events starting around 25-24 Ma. The Aegean extension thus appears to have started c. 25 Ma, long before the onset of the Arabia-Eurasia collision-driven SW escape of the Anatolian microplate in the late Miocene (Barka & Reilinger 1997; Jolivet & Faccenna 2000) .
Syn-extensional magmatism during the early and middle Miocene produced widespread volcanic rocks and plutons in the Cyclades and western Anatolia (Altherr et al. 1988; Altherr & Siebel 2002; , 2006 Akay & Erdogan 2004; Bozkurt 2004; Gessner et al. 2004; Işik et al. 2004; Köprübaşi & Aldanmaz 2004; Innocenti et al. 2005; Ring & Collins 2005; Agostini et al. 2007; Dilek & Altunkaynak 2007; Akay 2008) . The Oligo-Miocene volcanic rocks have medium-to high-K calcalkaline compositions (Pe-Piper & Piper 2006; Altunkaynak & Genç 2008) , and their trace-element and isotope geochemistry characteristics indicate that parental magmas were derived from partial melting of an enriched lithospheric mantle (Aldanmaz et al. 2006; Altunkaynak & Genç 2008 ) and that they underwent decreasing subduction influence and increasing crustal contamination through time (Altunkaynak & Dilek 2006; Dilek & Altunkaynak 2007 , and references therein). Mildly alkaline bimodal volcanic products that were erupted during the middle Miocene (16-14 Ma), on the other hand, show a decreasing amount of crustal contamination and subduction influence through time (Altunkaynak & Dilek 2006; Dilek & Altunkaynak 2007) . Melting of a subduction-modified continental lithospheric mantle and asthenospheric mantlederived melt contribution both appear to have played a major role in the generation of the magmas of these middle Miocene volcanic rocks.
The Oligo-Miocene and middle Miocene plutons in the region are represented by mainly I-type granitoids, whose chemical compositions display significant differences throughout the region Major tectonic blocks and suture zones are also depicted. AF, Acigöl fault; BFZ, Burdur fault zone; DF, Datça fault; IASZ, Izmir-Ankara suture zone; IPSZ, Intra-Pontide suture zone; KDM, Kazdag massif; KF, Kale fault; NAFZ, North Anatolian fault zone; SWASZ, Southwest Anatolian shear zone. Key to lettering for the detachment faults: AD, Alasehir detachment; GD, Güney detachment; SD, Simav detachment. Key to lettering for the granitoid plutons: AG, Alasehir; BG, Baklan; CGD, Ç ataldag; EGP, Egrigöz; EP, Eybek; EVG, Evciler; GBG, Göynükbelen; GYG, Gürgenyayla; IGD, Ilica; KBG, Karabiga; KG, Kozak; KCG, Kusçayiri; KOP, Koyunoba; KSG, Kestanbol; KTG, Katrandag; OGD, Orhaneli; SG, Salihli; SVG, Sevketiye; TG,Turgutlu; TGD, Topuk; YCG, Yenice. (Altherr & Siebel 2002) . However, similar to their volcanic counterparts (Altunkaynak & Genç 2008) , these granitoids do not exhibit geochemical signatures of an active subduction zone magmatism for the origin of their magmas. The melt sources, the magmatic evolution and the nature of the heat supply for the production of syn-extensional granitoids in the Aegean province remain, therefore, some of the most signifcant questions in the late Cenozoic geodynamic evolution of this region. Granitic plutons commonly exposed in the footwalls of major detachment faults of the metamorphic core complexes in the region provide critical information to address some of these questions.
In this paper we present new geochemical and isotope data as well as evaluating the extant geochemical data from the Miocene granitoid plutons intruded into the Menderes metamorphic core complex in western Anatolia in order to constrain their magma sources and tectonomagmatic evolution. We also present new field observations from the Menderes granitoids to document the synextensional nature of these intrusions. We compare the Menderes granitoid data with the available geochemical data from the granitoids emplaced into the other core complexes in the Central Cyclades and the northern Aegean in order to understand better the melt evolution of syn-extensional granitoids in western Anatolia. We then discuss the role of the late Cenozoic magmatism in the onset and the spatial and temporal progression of orogen-wide extension in the Aegean province within the framework of a regional tectonic model.
Basement geology of Cenozoic granitoids in western Anatolia
The Cenozoic granitoid plutons in western Anatolia are intrusive into the crystalline basement rocks of the Sakarya continent and the Anatolide -Tauride block. They also crosscut the Tethyan ophiolites (c. .92-90 Ma) and blueschist assemblages occurring along the Izmir-Ankara suture zone (IASZ) between the Sakarya and Anatolide-Tauride continental blocks (Fig. 2; Ö nen & Hall 1993; Okay et al. 1998; Ö nen 2003) . The 40 Ar/ 39 Ar cooling ages (phengite crystallization during exhumation) of 79.7 + 1.6-82.8 + 1.7 Ma (Sherlock et al. 1999) from the blueschist rocks along the IASZ indicate a latest Cretaceous timing of the HP-LT metamorphism in the region. This event was followed by the collision of the Sakarya and AnatolideTauride blocks in the late Palaeocene -early Eocene (Harris et al. 1994; Dilek & Altunkaynak 2007) . The Lycian ophiolite nappes structurally overlying the platform carbonates of the Tauride block farther south ( Fig. 2 ; Collins & Robertson 2003; Ring & Layer 2003) represent the tectonic outliers of the Cretaceous oceanic crust derived from the IASZ. These ophiolitic thrust sheets are inferred to have once covered the Menderes metamorphic massif and then to have been removed as a result of the tectonic uplift and erosion associated with the exhumation of the Menderes core complex during the late Cenozoic (Dilek & Whitney 2000; Ring & Layer 2003; Thomson & Ring 2006) .
The Sakarya continent consists of a Palaeozoic crystalline basement with its Permo-Carboniferous sedimentary cover and Permo-Triassic rift or accretionary-type melange units (Karakaya complex) that collectively form a composite continental block (Tekeli 1981; Okay et al. 1996) . The Carboniferous felsic gneisses, amphibolites, marbles and meta-ophiolitic units that are tectonically intercalated with sillimanite-bearing gneisses and migmatites in the western part of the Sakarya continent constitute the Kazdag metamorphic massif exposed in the Biga Peninsula (KDM in Fig. 2 ; Okay et al. 1991; Duru et al. 2004) . The NE -SW-trending Kazdag massif forms a structural dome and represents a metamorphic core complex. The highgrade metamorphic basement rocks in the massif are separated by the overlying unmetamorphosed middle Cretaceous accretionary melange (Ç etmi melange) along a mylonitic shear zone (Alakeçi shear zone) that defines a detachment surface (Bonev & Beccaletto 2007) . The metamorphic assemblages in the footwall of this shear zone record amphibolite-facies metamorphic conditions at 5 kbar and 640 8C that were reached around 24 Ma as constrained by Rb-Sr mica ages (Okay & Satir 2000) . Kinematic indicators and deformation patterns in the mylonitic rocks suggest top-tothe-NNW (in general) normal shear sense and deformation mechanisms grading from ductile shear flow to brittle fracturing and cataclasis toward the top of the detachment zone (Bonev & Beccaletto 2007) . The Kazdag core complex in the footwall of this detachment zone is inferred to have been exhumed starting at c. 24 Ma from a depth of c. 14 km along the north-dipping Alakeçi mylonitic shear zone (Okay & Satir 2000) .
The Sakarya continental rocks and the ophiolitic units of the IASZ are intruded by a series of eastwest trending Eocene and Oligo-Miocene plutons that are represented by I-type calc-alkaline granitoids ( Fig. 2 ; Harris et al. 1994; Genç 1998; Altunkaynak & Yılmaz 1998; Köprübaşi & Aldanmaz 2004; Altunkaynak 2007) . The plutons straddling the IASZ (the suture zone granitoids, SZG, of Altunkaynak 2007) range in composition from diorite, quartz diorite and granodiorite to syenite (Orhaneli, Topuk, Gürgenyayla and Göynükbelen plutons) and have ages around 54 -48 Ma (Ataman 1972; Bingöl et al. 1982 Bingöl et al. , 1994 Harris et al. 1994; Delaloye & Bingöl 2000; Yılmaz et al. 2001 (Ercan et al. 1985; Bingöl et al. 1994; Harris et al. 1994; Genç & Yılmaz 1997; Delaloye & Bingöl 2000; Köprübaşi et al. 2000; Köprübaşi & Aldanmaz 2004) .
The granitoid plutons intruded into the Kazdag core complex farther west are Oligo-Miocene in age and crosscut the extensional foliation and lineation in the Kazdag massif, providing an upper age constraint for the timing of the extensional deformation in NW Anatolia. These plutons are composed of granite, granodiorite, quartz diorite and monzonite. They are metaluminous and subalkaline in nature and have medium-to high-K calc-alkaline compositions (Okay & Satir 2000; Genç & Altunkaynak 2007) . Rb -Sr biotite dating of the Evciler pluton ( Fig. 2 ) revealed cooling ages of 20.7 + 0.2 Ma-20.5 + 0.2 Ma, nearly identical to the Rb -Sr biotite ages of 18 -20 Ma from the gneissic rocks of the host Kazdag massif (Okay & Satir 2000) . Birkle & Satir (1995) have also reported a Rb -Sr biotite age of 25 + 0.3 Ma from the northeastern part of the Evciler pluton. These cooling ages of the Evciler pluton are nearly coeval with a single-grain zircon SHRIMP age of 23.94 + 0.31 Ma from the Eybek pluton ( Fig. 2 ; Altunkaynak and Dilek, unpublished data) . These structural and temporal relations indicate that the syn-extensional granitoids in the Kazdag core complex were emplaced during the latest Oligocene -early Miocene, shortly after the peak deformation and metamorphism.
The Menderes metamorphic massif farther south in the Anatolide block is a NE-SW-oriented, subelliptical dome divided into northern, central and southern sections that are separated by nearly east -west-trending structural grabens (Fig. 2) . It consists of a Precambrian 'core' and PalaeozoicCenozoic 'cover' (Satir & Friedrichsen 1986; Bozkurt & Park 1994; Bozkurt & Oberhänsli 2001 and references therein). The core sequence includes augen gneisses, metagranites, high-grade schists and eclogitic metagabbros with metamorphic ages older than 50 Ma (Candan et al. 2000; Bozkurt & Oberhänsli 2001) . The cover sequence consists of various schist types and metamorphosed carbonates and the protoliths of the cover sequences range in age from Palaeozoic to the early Eocene (Loos & Rischmann 1999; Bozkurt & Oberhänsli 2001; Rimmelé et al. 2003) . The core and cover sequences of the Menderes massif collectively comprise several nappe systems that were assembled mainly during the late Mesozoic -early Cenozoic collisional events in the region (Gessner et al. 2001; Ring et al. 2001; Reignier et al. 2007) .
The main episode of metamorphism in the Menderes massif is inferred to have resulted from the burial regime associated with the emplacement of the Lycian nappes and ophiolitic thrust sheets (Dilek & Whitney 2000; Yılmaz 2002 
Cenozoic granitoids in the Menderes Massif
We have examined the occurrence, structure and geochemistry of the Egrigöz, Koyunoba and Baklan granitoids in the northern submassif and the Salihli, Turgutlu and Alasehir granitoids in the central submassif (Fig. 2 ) in order to document the nature and petrogenesis of syn-extensional magmatism during the exhumation of the Menderes core complex. Granitoid plutons in the Menderes massif are mainly exposed in the footwalls of major detachment faults and show structures and textures associated with extensional deformation. Collectively, we group these plutons under a descriptive name of Menderes Granitoids (MEG).
Field relations and structure of the MEG
The NNE-trending Egrigöz and Koyunoba granitoids are intruded into the Precambrian-Palaeozoic gneiss, schist, amphibolite and gneissic mylonite in the footwall of the Simav detachment in the northern submassif and are overlain by Neogene volcanosedimentary rocks of the Akdere basin (Işik et al. 2004; Ring & Collins 2005) . They are composed of granite, granodiorite and monzonite, with less common diorite and monzodiorite, and are cut by fine-grained dykes of similar compositions. The majority of the plutonic rocks are medium-to coarse-grained and isotropic. They become foliated and mylonitic toward the Simav detachment fault to the north and west, with a preferred alignment of biotite, quartz and feldspar defining a hightemperature foliation plane in a ductile shear zone. S-C fabrics, biotite fish structures, asymmetric porphyroclasts and oblique quartz grain-shape foliation all consistently suggest top-to-the-NW sense of shear, indicating extensional deformation parallel to the Simav detachment surface (Işik et al. 2003; Ring & Collins 2005; Thomson & Ring 2006) .
The timing of the mylonitic shear zone development along the northern edge of these plutons and their intrusion into the northern Menderes massif are nearly coeval as constrained by the recent geochronological studies. (Ercan et al. 1997) , suggest that the northern Menderes massif and the syn-extensional Egrigöz and Koyunoba plutons were exhumed to the surface by the early-middle Miocene.
The Baklan granitoid to the SE of the Egrigöz and Koyunoba plutons ( Fig. 2) is intrusive into the Palaeozoic marble, schist and quartzite of the Menderes massif and the tectonically overlying Muratdagi ophiolitic melange (Aydogan et al. 2008) . The lower Miocene Kürtköyü Formation consisting of sandstone and gravel deposits rest unconformably on all these units, including the Baklan granitoid, indicating that the pluton was exposed at the surface by the end of the early Miocene. The majority of the Baklan pluton rocks are made of medium-to coarse-grained granodiorite composed of K-feldspar, plagioclase, quartz, biotite and hornblende. Monzodioritic to monzogabbroic microgranular enclaves are common in the granodioritic host rocks. K -Ar whole-rock dating of the granodiorite has revealed ages between 17.8 + 0.7 Ma and 19.4 + 0.9 Ma (Aydogan et al. 2008) .
The Turgutlu, Salihli and Alasehir granitoids farther south occur along an approximately eastwest-trending belt in the footwall of the Alasehir detachment in the central submassif and are intrusive into the metasedimentary rocks and schists of the Menderes massif (Fig. 3) . The shear zone beneath the detachment surface includes mylonitized metamorphic and granitoid rocks that display welldeveloped foliation and stretching lineation in the lower sections and microbreaccia, breccia, cataclasite, foliated cataclasite and pseudotachylite toward the top (Işik et al. 2003; Ö ner & Dilek 2007) . The nearly 100 m thick cataclastic shear zone beneath the detachment surface contains S-C fabrics, microfaults, Riedel shears and shear bands, all consistently indicating top-to-the-north-NE shearing (Fig. 4; Ö ner & Dilek 2007) . The majority of all three granitoids are composed of isotropic granodiorites, which become increasingly mylonitic upward into the detachment shear zone. The mylonitic foliation in these deformed granitoids is defined by the alignment of biotite and feldspar porphyclasts (Fig. 5c ), whereas the lineation is marked by stretched quartz and preferred orientations of feldspar and biotite grains plunging to the north-NE at 12 -148 (Işik et al. 2003; Ö ner & Dilek 2007) .
Kinematic indicators in the mylonitic granitoids and their host metamorphic rocks include S-C fabrics, asymmetric porphyroclasts, biotite fish, fractured and displaced grains and asymmetric enclaves that consistently show top-to-the-north-NE normal sense of shearing (Işik et al. 2003; Ö ner & Dilek 2007) . The similar orientation of the mylonitic foliation and stretching lineation (Fig. 4) , the same top-to-the-north-NE normal shear sense and a corresponding retrograde greenschist-facies metamorphic overprint in both the deformed granitoid and its host metamorphic rocks indicate that the plutons and the Menderes metamorphic rocks were affected by the same extensional deformation. The progression from relatively undeformed isotropic granodiorite at depth to mylonitic-ultramylonitic plutonic rocks within the detachment shear zone at the surface (Fig. 4) further show that these plutons are syn-extensional intrusions (Hetzel et al. 1995; Işik et al. 2003; Ö ner & Dilek 2007) .
The oldest sedimentary units overlying the Alasehir detachment surface and the granitoids are the lower -middle Miocene shale and limestone of lacustrine and fan-delta facies (Gerentas and Kaypaktepe Units). Stratigraphically upward these rocks are overlain by the upper Miocene Acidere Formation and the Plio-Pleistocene Göbekli, Yenipazar, Asartepe and Erendali Formations (Figs 4 & 5; Ö ner & Dilek 2007) . Several major unconformities exist in these Miocene-Pleistocene strata that likely developed as a result of extensional tilt-block faulting during the evolution of the Alasehir supradetachment basin.
Geochronology of the MEG
The geochronology of both the Salihli and Turgutlu granitoids and their metamorphic host rocks provide significant constraints on the timing of the extensional deformation and the synchronous magmatism in the footwall of the central Menderes massif. Igneous biotites from the Turgutlu and Salihli granodiorites yielded 40 Ar/ 39 Ar cooling ages of 13.2 + 0.2 Ma and 12.2 + 0.4 Ma, respectively (Hetzel et al. 1995) . U -Pb monazite ages of 16.1 + 0.2 Ma from the Turgutlu and U -Pb allanite ages of 15.0 + 0.3 Ma from the Salihli granodiorite date the crystallization ages of these two granitoid bodies as the early -middle Miocene (Glodny & Hetzel 2007 ). These crystallization ages are close to the matrix monazite ages of 17 + 5 Ma (Catlos & Ç emen 2005) from metamorphic rocks in the eastern part of the Alasehir detachment that are interpreted to record tectonic extension. More recently, Catlos et al. (2008) reported in situ Th -Pb ion microprobe monazite ages of 21.7 + 4.5 Ma to 9.6 + 1.6 Ma (+1s) from the Salihli and Turgutlu granitoids and 31.5 + 2.7 Ma to 22.8 + 2.4 Ma (+1s) from garnet-bearing schists from the Bozdag nappe. These new ages demonstrate an older exhumation history of the middle crustal rocks and their syn-extensional plutons in the central Menderes massif, going back to the early Miocene and possibly to the Oligocene.
Geochemistry
We present new major and trace element analyses and isotope data from the Salihli granitoid occurring on the southern shoulder of the Alasehir graben (Figs 2 & 3) . These new data, combined with the previously published geochemical data from the Salihli, Turgutlu, Egrigoz and Baklan plutons, are used to constrain the magma sources and tectonomagmatic evolution processes of the MEG. We . Geological cross-section from the northern part of the central Menderes core complex showing the spatial relations between the high-grade metamorphic rocks, the Salihli pluton, the cataclastic zone of the detachment fault and the Upper Miocene-Pleistocene supradetachment sedimentary strata (tilted southward into the detachment fault). The cataclastic zone associated with the Alasehir detachment is up to 150 m in thickness and encompasses the exposed upper surface of the Salihli granitoid. Note the decreasing strain structurally down-section into the pluton. Outcrop photos 1 and 2 show the internal fabric in a relatively less-deformed and a highly-deformed granodiorite from two different elevations in the pluton. Both the cataclastic zone and the Salihli granitoid rocks display similar extensional fault and foliation geometries. South-dipping foliation in both units represents the extensional fabric in south-tilted fault blocks. also compare the geochemical features of the MEG with those granitoids that are emplaced into other metamorphic core complexes in the northern (Rhodope massif) and central (Cyclades) Aegean Province.
Analytical techniques
Multi-element concentration was determined by using polarized energy dispersive XRF. The spectrometer used in this study is the Spectro XLAB 2000 PEDXRF that is equipped with an Rh anode X-ray tube and 0.5 mm Be side window and housed in the Department of Geological Engineering at the University of Ankara (Turkey). The detector of spectrometer is Si (Li), cooled by liquid N 2 , with a resolution of ,150 eV at Mn Ka, 5000 cps. The spectrometer was calibrated with two standard rocks, G01-MA-N and K03-MRG-1, Canadian Certified Reference Materials and Centre de Recherches Pétrographiques et Géochimiques (CRPG) of France, based on the certificated concentrations of the elements under investigation. The samples were ground into fine powder in an agate mortar that was sieved to pass through of 200 mm and then pressed into thick pellets of 32 mm diameter using wach as blinder. USGS standards, GEOL, GBW 7109 and GBW-7309 Sediment were equally pressed into pellets in a similar manner as the samples and these standards were used for quality assurance (La Tour 1989; Johnson et al. 1999) . Total analysis time for each additional element was 30 minutes. Sr and Nd isotope ratios were determined by thermal ionization mass spectrometry (TIMS) (Thermo Quest Finnigan MAT 261) at the University of Texas at Dallas.
Major and trace element characteristics
Major and trace element compositions of the MEG are given in Table 1 (Fig. 7) . The least-evolved members are predominantly metaluminous (tonalite and hornblendebiotite granodiorite with A/CNK ,1), whereas some more-evolved biotite granodiorite and two-mica granodiorites exhibit slightly to mildly peraluminous signatures (A/CNK ¼ 1.1 -1.27). However, the metamorphic basement rocks into which these granitoids were emplaced are strongly peraluminous (A/CNK ¼ 1.45-1.91) (Fig. 7) .
The MEG are all subalkaline in nature and display a calc-alkaline trend in an AFM ternary diagram (Irvine & Baragar 1971;  Fig. 8a ). The majority of the MEG belong to the high-K calc-alkaline series, although a few samples belong to the shoshonitic and medium-K series (Fig. 8b) . Their K 2 O/Na 2 O ratio ranges between 0.68 and 2.67 and they have moderate Mg-numbers (average: 35-57) (Fig. 9) .
The major element variations of the MEG define linear trends as seen in Figure 9 . Their TiO 2, MgO, Al 2 O 3 , FeO, CaO and P 2 O 5 contents decrease and K 2 O contents and A/CNK, K 2 O/Na 2 O ratios increase with increasing SiO 2 contents (Fig. 9) (Fig. 9) . This similarity is supported by the abundance and the shape of trace element patterns on the PM-normalized and chondrite-normalized REE diagrams (Figs 10a & 11a) .
Primitive mantle (PM)-normalized trace element patterns of representative rock samples from the MEG, Cyclades and Rhodope granitoids and metamorphic basement rocks of the Menderes massif are shown in Figure 10 . Elemental patterns of upper (UC), middle (MC) and lower continental crust (LC) are also plotted in Figure 10a for the purpose of comparison (UC, MC, LC values are taken from Taylor & Mc Lennan 1985) . The MEG display enrichment in LILE (K, Rb,Cs), in some HFSE (Th, U) and in Pb over LREE and MREE and show strong negative anomalies in Ba, Nb, Sr, P and Ti. These depletions are more pronounced in two-mica granitoids. Trace element patterns of the MEG are similar to the trends displayed by the granitoids in the Cyclades, such as the plutons on Mikanos, Naxos, Delos and Ikeria (Pe-Piper et al. 1997 , 2002 Pe-Piper & Piper 2001; Alther & Siebel 2002) and in the Rhodope massif ( Fig. 10b ; Christofides et al. 1998) . These patterns are also partly similar to those of the metamorphic basement rocks of the Menderes massif ( Fig. 10c ; Catlos et al. 2008) . The REE distributions of the MEG show (Fig. 11a) . Samples from the Salihli pluton have minor Eu anomalies with Eu*/Eu values of 0.68 and 0.88, whereas others (TG, EG, BG) have medium to strong negative Eu anomalies ranging from 0.22 to 0.55 that show similar Eu*/Eu ratios to those of the Cyclades granitoids (Fig. 11a, b) . The magnitude of the negative Eu anomalies of the MEG samples increases with the increasing SiO 2 content.
Petrogenesis of the Menderes granitoids

Previous studies and interpretations
The origin of the MEG has been a subject of various studies. Delaloye & Bingöl (2000) have suggested that the western Anatolian plutons, including the Salihli granitoid, originated from the Palaeocene and younger magmatism associated with the Hellenic subduction zone. Işik et al. (2004) have reported that the syn-extensional Egrigöz and Koyunoba plutons in the footwall of the Simav Detachment were emplaced in the early stages of continental extension in the Aegean province. These granitoids are hybrid in nature with dominantly upper crustal compositions similar to the coeval Oligo-Miocene granitoids in the central Aegean Sea region. Hasöz-bek et al. (2004) and Akay (2008) argued for a Chappell & White (1974 , 1992 . See Figure 6 for the data sources. Peccerillo & Taylor (1976) . See Figure 6 for the data sources. Fig. 9 . Harker diagrams of the MEG illustrating the variations of major oxides and trace elements with SiO 2 . See Figure 6 for the data sources.
hybrid magma source produced under compressional regime for the same granitoids. Ö zgenç & İlbeyli (2008) have proposed that the Egrigöz pluton formed by partial melting of mafic lowercrustal rocks during post-collisional extensional tectonics in the region. Aydogan et al. (2008) have argued that parental magmas of the Baklan pluton were produced by partial melting of a juvenile lower crust, and that the underplated mantle-derived basaltic magmas, which provided the necessary heat for partial melting, had chemical and isotopic signatures similar to those of an enriched mantle. Catlos et al. (2008) have argued that the trace-element geochemical features of the Salihli and Turgutlu granitoids are consistent with their continental arc origin and that their magmas were produced under a compressional regime above the north-dipping Hellenic subduction zone. The existing interpretations of the melt source and the magmatic evolution of the MEG are, therefore, varied. 
Melt sources and evolution of the MEG
The Salihli, Turgutlu, Egrigöz and Baklan plutons are all intrusive into the high-grade metamorphic rocks of the Menderes core complex. They show similar major and trace element characteristics and overlapping Zr/Nb, La/Nb, Rb/Nb and Ce/Y, suggesting that their melt source(s) were similar (Figs 9, 10 & 11a) .
The A/CNK molecular ratios of the MEG between 0.81 and 1.27 indicate that these plutons are made predominantly of metaluminous, I-type granitoids (Ö zgenç & İlbeyli 2008; Aydogan et al. 2008 ) and slightly to mildly peraluminous, rare S-type (Işik et al. 2004) , two-mica granitoids (White & Chappell 1977; Chappell & White 1992 ). The MEG samples display similar trace elemental patterns to middle-upper continental crust and metamorphic basement rocks (Fig. 10a, c ) that were likely inherited from crustal melts of variable sources and compositions. However, the higher A/CNK values and lower Mg-numbers of the metamorphic basement rocks in comparison to the MEG are not consistent with derivation of the MEG magmas from these basement units alone. Given that the metamorphic basement rocks are strongly peraluminous (Fig. 7) , large amounts of crustal component contribution into the magmas would increase their A/CNK ratio and would cause the formation of strongly peraluminous S-type granitoids; yet, we do not see these features in the MEG. Thus, the metaluminous I-type character of the MEG eliminates the metapelitic rocks as suitable source material and points to, instead, an igneous protolith such as metabasalt, juvenile K-rich basaltic underplate and/or mantle rocks (Roberts & Clemens 1993; Tepper et al. 1993; Pearce 1996; Patino Douce & McCarthy 1998; Von Blanckenburg et al. 1998; Ashwal et al. 2002; Altherr & Siebel 2002) .
Experimental studies suggest that hydrous melting of basalts or amphibolites could yield tonalitic magmas, which evolve toward granodioritic to granitic compositions by crustal interaction and/or fractional crystallization (Wyllie 1984; Rapp & Watson 1995; Petford & Gallagher 2001) . Although some chemical features [such as (Na 2 O þ K 2 O)/ (FeO þ MgO þ TiO 2 ) and CaO/(FeO þ MgO þ TiO 2 )] of the MEG, as shown in Figure 12 (a & b) appear to be derived from metabasalts (Patino Douce 1996 , partial melts of metabasalts are characterized by relatively high contents of Na 2 O and low Mg numbers (Fig. 12c, d) , regardless of the degree of partial melting. These features are not displayed by the MEG samples. Furthermore, Roberts & Clemens (1993) and Ashwal et al. (2002) have argued that metabasaltic rocks are not suitable source rocks for the generation of high-K, calc-alkaline, I-type granitoids because such mafic rocks contain low-K 2 O and insufficient incompatible elements to form appreciable volumes of granitic melts. Therefore, we infer that high-K, calc-alkaline and incompatible element-enriched nature of the MEG is inconsistent with derivation of their magmas solely from melting of metabasalts.
Intermediate to felsic products of the MEG show PM-normalized multi-element patterns (e.g. enrichment in Rb, Th and K and negative anomalies in Ba, Sr, P and Ti), suggesting their possible derivation from basaltic magmas through crystal fractionation (Fig. 10a) . Trace-element patterns of this group are consistent with derivation of their magmas from an incompatible element-enriched source, as evidenced by negative Ta and Nb anomalies, enriched LREE, and low Rb/Sr ratios. These features of the MEG are similar to those of igneous rocks forming at convergent margin settings (Thorpe et al. 1982; Davidson et al. 1991; Pearce & Peate 1995) . High incompatible element abundances (e.g. K, Rb, Nb and Ba) and inter-element relationships (e.g. Ce/Y, Zr/Ba, Th/Yb and Ba/Nb ratios; Figs 9 & 10a) of the MEG indicate a subduction-enriched, heterogeneous sub-continental lithospheric mantle source (see Pearce et al. 1990; McCulloch & Gamble 1991; McDonough 1990; Thirlwall et al. 1994; Pearce & Peate 1995) . Moreover, the (La/Yb) n and (Gd/Yb) n ratios of the MEG are in the ranges 6.5-14.5 (Fig. 11a ) and 1.3-2.1, respectively, that are consistent with derivation from lithospheric mantle melts (Thirlwall et al. 1994 ). Partial melting model suggested by Thirlwall et al. (1994) shows that the effects of partial melting were more important than fractional crystallization in controlling the compositional variations within the MEG (Fig. 13) .
The subduction-related enrichment of the western Anatolian lithospheric mantle may have been an artifact of either arc-derived magmas or a subduction component inherited from earlier convergent margin events. Source enrichment through previous subduction events in the region has been suggested for the western Anatolian plutons and related volcanism by some authors (Seyitoglu et al. 1997; Genç & Yılmaz 1997; Yılmaz & Polat 1998; Altunkaynak & Yılmaz 1998; Yılmaz et al. 2000 Yılmaz et al. , 2001 Aldanmaz et al. 2000; Köprübaşi & Aldanmaz 2004; Altunkaynak & Dilek 2006; Altunkaynak 2007; Dilek & Altunkaynak 2007) . However, although subduction-induced mantle metasomatism can account for enriched source characteristics of the MEG rocks, the Nb/La versus Ba/Rb variations observed in these samples (Fig. 14) cannot be explained solely by this mechanism. The vertical continental crust versus N-MORB-OIB mantle trend indicate mixing of a mantle derived magma with a crustal component, rather than the sole influence of subductiongenerated fluids (Wang et al. 1999; Tatsumi et al. 1986; Peccerillo 1999; Marchev et al. 2004) . A critical evaluation of possible contamination by crustal materials is, therefore, necessary. If the MEG magmas acquired their chemical compositions by assimilation of any crustal material as discussed above, it is more likely that these assimilants were composed of lower to middle crustal components rather than the upper crustal host basement metamorphic rocks alone.
Sr -Nd isotopes
Nd-Sr isotopic compositions of the Salihli (Table 1) (0.512218-0.512220 ) and 1Nd (t) (27.5 to 28.3), indicating a dominant crustal component for the origin of its magmas (Fig. 14) . These geochemical features and isotopic compositions of the Salihli granitoid are similar to (Rapp & Watson 1995; Patino Douce 1996 Patino Douce & McCarthy 1998; and references therein) . See Figure 6 for the data sources.
those of the granitoids in the Cyclades and in the Rhodope massif (Figs 11c, 12b & 15) . Pe-Piper & Piper (2001) and have suggested that mafic magma fractionation and/or mixing with felsic crustal material, some of which was derived by crustal anatexis (Alther & Siebel 2002) , could produce the granitoid plutons of the Cyclades. On the other hand, felsic magmas of the Rhodope granitoids were most likely derived from some crustal melts that originated from dehydration melting at mid-to deep-crustal levels (Christofides et al. 1998) .
The most reasonable model for the origin of the MEG magmas involves, therefore, partial melting of a mixed source including varying proportions of an enriched lithospheric mantle and assimilatedmelted lower and middle crustal components (Figs 14 & 15) . We infer that crustal-scale shear zones facilitated the uprising of melts derived from a previously enriched lithospheric mantle and their transport to lower to mid-crustal levels, where further melting and magma mixing occurred within the crust.
Fractional crystallization processes
The observed linear variations in the Harker diagrams ( Fig. 9 ) and REE cn patterns (Fig. 11a) indicate that fractional crystallization was an important process during the evolution of the MEG magmas. The negative covariances between SiO 2 and FeO* (FeO þ Fe 2 O 3 ), MgO and CaO (Fig. 9) indicate fractionation of olivine and clinopyroxene during the evolution of the MEG magmas. Variations in CaO with silica are almost the same in all groups (Fig. 9 ). Decreasing CaO with increasing silica indicates that Ca-rich phases such as hornblende and Ca-plagioclase were progressively formed and then removed from the granitic melt. The lack of notable negative Eu and Sr anomalies suggests that plagioclase fractionation was insignificant during the evolution of the Salihli granitoid. However, the Eu/Eu* ratios (Eu/Eu*: 022-088) and their relationship with the increasing silica content of the Turgutlu and Egrigöz granitoids indicate that plagioclase fractionation was important during formation of the more siliceous members of the MEG Sun & McDonough (1989) . See Figure 6 for the data sources. Davis & von Blanckenburg (1995) , for Aegean metamorphic basement from Briqueu et al. (1986) , for Aegean Sea sediments from Altherr et al. (1988) and for Global River Average from Goldstein & Jacobsen (1988) . See Figure 6 for the data sources. (1994) . See Figure 6 for the data sources. (Fig. 11) . The increasing Rb and decreasing Sr contents of the MEG vary with increasing SiO 2 , pointing out significant feldspar fractionation during the evolution of the MEG. The depletion of Ti and P is also consistent with fractional crystallization of Fe-Ti oxides and apatite (Fig. 10a) .
Geodynamics of late Cenozoic magmatism and its effects on extensional tectonics in the Aegean region
The collision of the Sakarya and Anatolide -Tauride continental blocks in the late Palaeocene -early Eocene caused crustal thickening and orogen-wide burial metamorphism. This collision-driven regional metamorphism was responsible for the development of high-grade rocks in the Menderes metamorphic massif. Partial underplating of the buoyant Anatolide -Tauride block beneath the Sakarya continent jammed the north-dipping Tethyan subduction temporarily, while the continued sinking of lithospheric mantle resulted in slab breakoff (Fig. 16a) . The emplacement of the widespread middle to late Eocene granitoid plutons (i.e. Orhaneli, Topuk, Gürgenyayla, Kapidag) along the IASZ and into the Sakarya continent has been interpreted to have resulted from slab breakoff-related asthenospheric upwelling and associated partial melting of the subduction-metasomatized continental lithospheric mantle ( Thomson & Ring 2006; Bozkurt 2007; Dilek & Altunkaynak 2007) . Some of the collision-generated thrust faults may have been reactivated during this time as crustal-scale low-angle detachment faults, (i.e. Simav detachment fault, SW Anatolian shear zone) facilitating the region-wide extension (Thomson & Ring 2006; Ç emen et al. 2006) .
Starting in the middle Miocene, the subcontinental lithospheric mantle beneath the Aegean region was delaminated as a result of peeling of its base due to rapid slab rollback at the Hellenic trench (Fig. 16b) . Asthenospheric upwelling caused by this lithospheric delamination led to melting of the subduction-metasomatized lithospheric mantle that in turn provided heat to the overlying crust. Invasion of the lower and middle crust by lithospheric mantle-derived melts triggered MASH-type processes (melting, assimilation, storage, homogenization; Hildreth & Moorbath 1988) , resulting in the production of hybrid magmas of the MEG (Fig. 17a) . Thus, lithospheric mantle and crustal melts were involved in the evolution of hybrid magmatism in the middle Miocene. Thermal relaxation associated with this magmatic phase induced lithospheric-scale extension and accelerated lower crustal exhumation and doming across the Aegean region (Figs 16b & 17a ; Lips et al. 2001) . Sufficient cooling of the exhumed mid-lower crustal rocks (including the MEG plutons) in the Menderes core complex was followed around 7 + 1 Ma by the development of high-angle normal faults forming graben structures (Hetzel et al. 1995 (Hetzel et al. , 1998 Gessner et al. 2001; Lips et al. 2001) . These faults crosscut the low-angle detachment surfaces and the earlier extensional deformational fabrics in the granitoid plutons and their metamorphic host rocks (Fig. 17b) . This late-stage normal faulting caused relative uplifting of the graben shoulders and further exhumation of the detachment footwalls. The MEG plutons continued to be deformed cataclastically and brittlely during this phase as both their metamorphic host rocks and they were further uplifted tectonically.
The development of the major graben systems (i.e. Büyük Menderes, Küçük Menderes, Alasehir, Simav; Fig. 17b ) during the advanced stages of extensional tectonics in the late MioceneQuaternary further attenuated the continental crust in the region. This extensional phase, accompanied by increased geothermal gradients, resulted in asthenospheric upwelling and corresponding decompression melting of the sub-asthenospheric mantle. This melting episode generated magmas with high concentrations of LILE and HFSE, radiogenic Nd, unradiogenic Sr and MORB and OIB-like Pb signatures (Alici et al. 2002; Dilek & Altunkaynak unpublished data) that produced the Kula volcanics erupted on the Menderes massif (Fig. 16c) . Grabenbounding faults and lithospheric-scale shear zones facilitated the upward transport of these alkaline magmas to the surface with little or no crustal contamination. Hydrous melting of the mantle wedge peridotites above the southward-retreating Hellenic subduction zone produced the South Aegean arc volcanism farther south since the late Miocene ( Fig. 16c ; Pe-Piper & Piper 2006) .
The close temporal and spatial relationships between the late Cenozoic tectonic extension and magmatism in the broader Aegean province indicate that lithospheric-scale melting played a significant role in weakening the young orogenic crust, facilitating vertical crustal flow and exhumation of core complexes (Fig. 17a) . Similar close relations between magmatism and extension have been documented from farther south on the Aegean islands (Avigad & Garfunkel 1991; Vanderhaeghe 2004) and from other extended terranes such as the Basin and Range in the North American Cordillera (Gans et al. 1989 ) and the D'Entrecasteaux Islands of Papua-New Guinea in the SW Pacific (Baldwin et al. 1993) . 
Conclusions
The Miocene granitoid plutons in the metamorphic core complexes in western Anatolia are synextensional intrusions, indicating close spatial and temporal relations between magmatism ad extensional tectonics during the late Cenozoic geodynamic evolution of this region. This interpretation is supported by: (1) the nearly coeval crystallization and cooling ages of the granitoid plutons and the deformation ages of their host metamorphic rocks and (2) the spatial progression from undeformed granitoid rocks at depth toward highly deformed, mylonitic-ultramylonitic and cataclastic plutonic rocks structurally upward into the shear zones associated with the detachment surfaces in the core complexes. This granitic magmatism was instrumental in crustal weakening that led to the collapse and tectonic thinning of the early Cenozoic orogenic belt in the Aegean region, in tandem with rapid rollback of the north-dipping Hellenic subduction zone.
The compositional variations of the synextensional MEG are likely to have resulted from different degrees of partial melting of a mixed source including varying proportions of an enriched lithospheric mantle component and assimilatedmelted lower and middle crustal components. Crustal-scale extensional shear zones gave rise to uprising of melts derived from previously enriched lithospheric mantle to lower-and mid-crustal levels, where further melting and mixing occurred within the crust. At the present level of exposures, there is no evidence of basic intrusive rocks within the Menderes massif. Nevertheless, mantle-derived magmas likely contributed to the granite petrogenesis by invading the crust.
Partial melting of the subduction-metasomatized lithospheric mantle and the overlying lower crust that led to the formation of the MEG magmas was induced by asthenospheric upwelling caused by lithospheric delamination. This inferred lithospheric delamination was triggered by peeling of the base of the subcontinental lithosphere as a result of the rapid slab retreat of the newly established post-Eocene Hellenic subduction zone. The combination of the slab rollback-generated upper plate extension and lithospheric-scale partial melting, aided by asthenospheric upwelling, migrated southward in time, resulting in the younging of core complex formation and associated magmatism toward the Hellenic trench. 
